Ammonia emissions from laying hen facilities may be reduced via pre-and/or post-excretion pathways. Our labscale tests to date have shown the following: a) reducing surface to volume ratio of manure stacks leads to reduced ammonia emission; b) an experimental diet (Ecocal) for W36 laying hens showed a 41% reduction in manure ammonia emission, as compared to the control diet, over a 14-d manure storage period; c) topical application of zeolite to laying hen manure at 2.5 to 5% (by weight) reduced ammonia emission by as much as 66-91% within one day of application; d) topical application of alum to layer manure at 0.5 kg/m 2 (0.1 lb/ft 2 ) reduced ammonia emission by 63-90% during seven days after the application, and emission reduction rate for application rate of 1.0 or 1.5 kg/m 2 (0.2 and 0.3 lb/ft 2 ) was at about 93% during the 7-d postapplication period. Cost effectiveness and practicality of each mitigation option remain to be examined.
Introduction
Understanding and mitigating air emissions from production facilities is an important issue facing the U.S. livestock and poultry industries. A comparative summary of ammonia emission rates for laying hen houses in different countries is given in Table 1 . Based on the recent ammonia emission data for U.S. broiler houses (Wheeler et al., 2004) and layer houses (Liang et al., 2005a) , the approximate numbers of birds taken to emit 100 lb of ammonia per day 1 for various housing and manure handling schemes are listed in Table 2 .
While baseline emission data are important, devising practical means to mitigate air emissions is the ultimate goal of the industry. It is based on this need that we are conducting emission mitigation studies. This report gives an update of our work concerning emission mitigation for egg facilities.
Materials and Methods
We have been conducting emission mitigation studies using two research lab facilities. One consists of four individually environment-controlled air emission chambers and the measurement system (Fig. 1a,b) . The other consists of eight emission vessels and the measurement system located in an environment-controlled room (Fig. 2a,b) . The potential mitigation strategies that we have been examining include a) physical configuration of the manure storage stack, b) dietary manipulation, and c) topical application of mineral or chemical agents, i.e., zeolite and aluminum sulfate [Al 2 (SO 4 ) 3 ] or alum.
To evaluate the effects of manure stacking profile on ammonia emission, five surface-area-to-volume ratios (SVRs, m -1 ) of 1.23, 2.5, 5, 10, and 20, were examined using the air emission chamber facility. The five SVRs were achieved by stacking manure at 2, 4, 8, 16 and 31 inches high with the same base (floor) area of 5 x 6 ft of each emission chamber. The chamber was held at 77°F air temperature near the manure surface and ventilation rate was held at 20 air changes per hour (ACH). The manure storage and emission measurements lasted 40 d. A separate study was conducted to evaluate the effect of air exchange rate (10 vs. 20 ACH) on ammonia emission and the results showed no effect.
The effect of dietary manipulation was evaluated using the emission vessel system. Nearly fresh manure samples from hens fed either the industry standard or control diet (Ctrl) or an experimental diet (Ecocal 2 ) were collected and shipped frozen to our lab where the manure samples were thawed and randomly allotted to the eight emission vessels. Each 2.5 kg manure sample was placed in a 1-gallon (3.8 L) container that was placed inside a 5-gallon (19 L) emission vessel. The manure storage and emission measurements lasted 14 d. Four replicates were tested per dietary regimen.
The effects of topical application of zeolite (grade 14×40, Bear River Zeolite Company, Thompson Falls, MT) at various dosages on ammonia emission from hen manure also were examined in two experiments using the emission vessel system. In both experiments, nearly fresh hen manure was collected from a commercial belt layer house and transported to our lab. In Expt 1, 2.5 kg of manure sample was loaded into a 1-gal (3.8 L) container with a 0.2 ft 2 (0.02 m 2 ) manure surface area. Different quantities of zeolite, 62.5, 125 or 250 g, were topically applied to the 2 Ecocal is a custom-formulated diet by the cooperative producer, consisting of gypsum (calcium sulfate, to partially replace limestone) and zeolite. Mention of company or product names is for presentation clarity and does not imply endorsement by the authors or Iowa State University. manure, resulting in an application rate of 0.64, 1.28 and 2.60 lb·ft -2 (3.125, 6.25, or 12.5 kg·m -2 ) manure surface. Each 1-gal container was placed in the 5-gal vessel. Two trials were conducted to obtain four replicates of each regimen. The storage and measurement lasted 14 d. In Expt 2, equal amount of fresh manure (2.5 kg per layer of 2 inch or 5 cm) was added to all vessels every two days for four layers, simulating manure removal from belt hen houses into manure storage. Zeolite of 125 g (5% by weight) was topically applied to each layer in four vessels while the other four served as control. Manure was loaded directly into the 5-gal emission vessel, resulting in an application rate of 0.52 lb·ft -2 (2.55 kg·m -2 ) over the 0.5 ft 2 (0.05 m 2 ) manure surface. Airflow rate through the emission vessels ranged from 11 to 21 ACH, as a result of increasing manure volume. Ammonia emission was monitored for eight more days after the last layer of manure and zeolite addition, a 14-d trial.
Results and Discussion

Effect of Manure Stacking Profile on NH 3 Emission
The cumulative ammonia emissions during the 40-d storage from the manure stacks with the same base area of 30 ft 2 but different height of 2, 4, 8, 16, or 31 inches are shown in figure 3 . The difference in ammonia emission per unit weight of manure over the 40-d storage period between the 2-inch stack and the 31-inch stack was more than six folds. This substantial difference arose from the fact that it is the top sub-layer of the manure stack that was primarily responsible for the ammonia emission. The crust formed near the surface was speculated to provide a physical barrier to ammonia escape from the stack. Table 3 shows the manure properties before and after the 40-d ventilated storage. Hence, the results indicate when stocking manure, reducing surface to volume ratio will lead to reduction in ammonia emission. Details of the experimental procedure and results were given in Li et al. (2005) . Figure 4 shows the daily ammonia emissions from the manure samples of either the standard (Ctrl) diet or the experimental Ecocal (Trt) diet, along with the manure and air temperatures. The mean daily ammonia emission over the 14-d storage period was 0.29 g·kg -1 d -1 for the Ctrl diet and 0.17 g·kg -1 d -1 for Trt diet, i.e., a reduction of 41%. Daily ammonia emission of the Trt manure after day 2 was significantly lower than that of the Ctrl manure (P<0.01). The emission reduction for the Trt presumably resulted from a combination of acidogenic (gypsum) and ammonia adsorbing (zeolite) effects. Details of the experimental procedures and results were given in Liang et al. (2005b) .
Effect of Dietary Manipulation on NH 3 Emission
Effect of Topical Application of Zeolite on NH 3 Emission
Topical application of zeolite on hen manure reduced ammonia emission and the magnitude of emission reduction was generally proportional to the application rate (Fig. 5) .
Adsorption of ammonia seemed to take effect right after the application, resulting in the largest emission reduction on day 1, 66%, 91% and 96% for the application rate of 2.5%, 5% and 10%, respectively. Daily NH 3 emission of the Ctrl vessels became stabilized after day 3, whereas emissions of the Trt vessels continued to increase with the Trt2.5 being most obvious. Ammonia emissions of Trt5 and Trt10 were significantly lower than that of the Ctrl (P<0.01) throughout the 14-d trial period, whereas this was true for the Trt2.5 regimen during the first 7 d (P<0.01). Table 4 summarizes the effects of single or multiple topical applications of zeoilite at the three dosages on NH 3 emission reduction.
Effect of Topical Application of Alum on NH 3 Emission
The ammonia emission profiles of the Ctrl and three application rates of 0.1, 0.2 and 0.3 lb·ft -2 (0.5, 1.0, and 1.5 kg·m -2 ) and the reduction rates are shown in figure 6. Ammonia emission from each of the treatment regimens was significantly lower than that of the control (P<0.0001). There was no significant difference between the 0.2 lb·ft -2 (1.0 kg·m -2 ) and 0.3 lb·ft -2 (1.5 kg·m -2 ) application rates (P = 0.884). During the 7-d trial period, ammonia emission reduction for the 0.1 lb·ft -2 regimen changed from 91% to 63%, whereas it remained nearly 93% for the 0.2 and 0.3 lb·ft -2 regimens.
Conclusions
• Reducing surface to volume ratio of manure stacks will lead to reduced ammonia emission.
• The dietary manipulation showed a 41% reduction in ammonia emission over a 14-day trial period from laying hen manure using the experimental diet (Ecocal), as compared to the control diet.
• Topical application of zeolite to laying hen manure at 2.5 to 5% showed ammonia emission reduction of as much as 66 to 91% within one day of application. It remained effective for at least 7 days.
• Topical application of alum to laying hen manure at 0.1 lb/ft 2 reduced ammonia emission by 91% to 63% during 7 days of post application. Emission reduction for application rate of 0.2 and 0.3 lb/ft2 was about 93% during the same period.
Future Work
• Analysis of costs and practicality of each potential mitigation strategy/technique.
• Field verification of dietary manipulation with regards to hen production performance and feed costs as well as ammonia emission reduction. Kentucky and Pennsylvania (Wheeler et al., 2005) and laying houses in Iowa and Pennsylvania (Liang et al, 2005) . .9) 
